Abstract-One of the main environmental targets of the European Union is to improve the energy efficiency in order to reduce the emissions of greenhouse gases. This work presents a cost-effective optimization method for design engineers to maximize the energy efficiency of electrical installations during the design phase. Hence, besides the safety and capacity requirements that need to be ensured during the design procedure of an electrical installation, the energy efficiency during its operation will also be considered. Thus, the proposed multi-objective optimization technique, based on genetic algorithms, offers a design guideline for the placement of the distribution boards, for the cable sizes and for the equipment used, for maximizing the energy efficiency of the building and at the same time the cost effectiveness of the electrical installation. The proposed method has been implemented and validated using a commercial software (Modecsoft ElectricalOM) for electrical installation designs.
I. INTRODUCTION
European Union (EU) has set ambitious targets for 2020 and 2030 for reducing the emissions of greenhouse gases by increasing the energy efficiency and enhancing the renewables energy penetration. EU is considering energy efficiency as a necessary requirement for the planning of short and long term policies and measures, having as a goal to achieve at least 27% improvement by 2030 [1] . One of the five main areas, which the Energy Efficiency Call 2016-2017 focuses on is the "Buildings" area. The aim of this topic is to actually treat buildings as an important segment for achieving the Europe's clean energy transition. In [2] , it is noted that currently the buildings account for 40% of the total EU energy consumption and furthermore, it is estimated that approximately 75% of them are energy inefficient. Thus, the European Commission decided to update the skills of the construction sector (through the "Build Up Skills" initiative) focusing on energy efficiency and digital skills. The latter aims to improve the construction process and to increase the building energy performance [3] .
In line with the vision of the EU regarding the efficiency of the buildings, the International Electrotechnical Commission (IEC) has announced the IEC 60364-8-1, which provides additional requirements for existing and new low-voltage installations for optimizing their overall efficiency [4] . Based on this document, a draft version of the 18 th edition of the Wiring Regulations (also known as BS 7671:2018) [5] will be published in UK, by the Institution of Engineering and Technology (IET) and the British Standards Institution (BSI). The cornerstone and the main difference of this edition compared to the previous ones [6] , is that energy efficiency plays an essential and central role on the design of electrical installations. As stated in [7] , the current regulations of the 17 th edition (BS 7671:2008) [6] do not consider energy efficiency as a mandatory requirement of the design hierarchy and thus, they concentrate only on ensuring safety above everything else. Fig. 1 illustrates the design principles of the traditional and the newly proposed models respectively, where it can be seen that the efficiency is to be considered as a necessary step during the design process.
A representative example of this change, can be seen when the domestic wiring system is considered. The current practice [6] is to use the minimum permissible cable size for the wiring that avoids the conductor overheating (according to Installation Standards and costing policies) [8] . However, the selection of the minimum permissible cable size can lead to significant energy losses due to the increased resistance of the cable. Thus, cable losses translate into a considerable amount of wasted heat, which is being paid by the consumers [9] . On the other hand, it is clearly stated in the new regulations [5] , that from now on, the selection of the cable size should not only consider the safety requirements and the initial installation cost, but should also take into account the lifetime operating losses of the circuit. Actually, this regulation intents to change the current false economy which is based on saving on the conductor size (capital investment), but wastes a lot more energy during the cables lifetime [8] .
The energy efficiency of a building is always closely related to its energy consumption. The utilization of power electronics technology (i.e., inverters) and Information and Communication Technology (ICT) (i.e., smart appliances) into the design of electrical appliances can enable the optimal operation of the devices and improve the corresponding efficiency. Adopting new and energy-efficient models for the case of significant loads, like air-conditioners and refrigerators, will directly allow the consumers to reduce their electricity costs [10] . Furthermore, lighting is considered one of the major categories for the household consumption. In Europe, 40% of electrical energy is 978-1-5386-3669-5/18/$31.00 ©2018 IEEE used for lighting contributing that way to the generation of 35% of CO2 emissions [11] . A direct way to reduce this consumption is to replace the traditional incandescent light bulbs by energysaving lighting technologies, such as the Compact Fluorescent Lamp (CFL) and the Light Emitting Diode (LED).
Consequently, there is a trend towards increasing the overall efficiency of the electrical operation of a building through: a) selecting the suitable energy-efficient equipment and b) optimizing the initial design of the electrical installation. However, the procedure of choosing the appropriate efficiency of the devices to be used and also identifying the optimal size of the cables, while satisfying the new efficiency standards at the minimum permissible cost, can be a very challenging task. The aim of this paper is to introduce a software application which has the ability to satisfy all these constraints and furthermore, to be able to propose an optimal configuration for the electrical installation equipment (e.g., distribution board location, cables' sizes) to reduce even more the losses of the wiring system. It is also important to note that this software package comes totally in line with the 18 th edition of the Wiring Regulations.
Various studies exist which investigate methods to reduce the overall electrical losses of an installation. Reference [12] illustrates the reduction of the cable losses by selecting the appropriate equipment to be utilized as loads. Furthermore, the efficient design of an electrical system (intended for an educational building) is shown in [13] , which reduces the power consumption through the utilization of LEDs. In [14] , the configuration of a low voltage direct current (LVDC) distribution network is designed in a way to minimize its total cable losses.
To the best of the authors' knowledge, there is no commercially available software that can be used for providing optimal guidelines for the efficient operation of the electrical installation, while satisfying all the safety requirements. This paper proposes an optimization method that can be used by the electrical engineers during the design phase of an installation for achieving its optimal configuration regarding the efficiency. The proposed methodology needs first to ensure the safety and capacity requirements of an installation, and then to define the "optimized" solution regarding the efficient operation of the building given a desired cost of the initial investment.
For the optimization part, several methods are available in the literature. Integer Linear Programming formulations can guarantee an optimal solution. However, they are of exponential computational complexity that makes them impractical for a real-time design software. On the other hand, heuristic optimization methods cannot ensure the optimal solution; however, a pareto optimal solution can be provided within a short time limits [15] . Since, the solution time of the algorithm is a critical aspect in a real-time commercial software for electrical engineers, a heuristic multi-objective optimization method based on genetic algorithms has been chosen for this application due to its computational efficiency.
For the validation of the proposed methods, a simple case study is implemented and examined using the Modecsoft ElectricalOM design software [16] . Initially, all the safety and capacity requirements of the electrical installation are ensured by the design software. Then, the design engineer needs to define the flexibilities of the installation (i.e., possible location of the distribution board, different cable sizes, different efficiencies of main appliances). The optimization method considers these flexibilities among with the expected annual load profiles for each circuit and estimate a pareto optimal solution regarding the energy efficiency of the building. This paper is organized as follows: Section II presents how the energy efficiency is mainly affected in the electrical installations. Section III formulates the optimization method for maximizing the energy efficiency of a building. Section IV presents a case study to evaluate the effectiveness of the proposed method, while the paper concludes in Section V.
II. EFFICIENCY ON ELECTRICAL INSTALLATIONS
The energy efficiency of an electrical installation is mainly affected by two aspects: the cable losses, and the efficiency of the equipment used. The cable losses can be minimized during the design and construction phase of the installation while the appliance's efficiency is usually selected by the consumer or defined as requirements by the design engineer during procurement procedures. It is noted that the cabling of an installation can be considered as a permanent solution, while some equipment and appliances can be straightforwardly upgraded in the future. The building's efficiency (η) can be calculated in terms of power (P) or in terms of energy (E) as,
Since, the output power or energy (Pout or Eout) consumption of a building cannot be easily estimated, the reduction on energy losses (Elosses) or the corresponding reduction of the input power (Ein) is usually examined to evaluate the improvement on the efficiency of a building.
A. Cable losses
The selection of the proper cable size and protective devices is a critical aspect regarding the safe operation of an electrical installation according to [6] . The design engineer needs first to identify the design power (Pb) and correspondingly the design current (Ib) of a circuit according to the ratings of the connected appliances. The current practice is to choose the minimum Cross-Sectional Area (CSA) for the cable of the circuit and the minimum nominal current for the protective overcurrent (In) device to ensure the following inequalities,
where It is the capacity of the cable with a corresponding CSA as tabulated in the corresponding tables, and in the general case, min(Iz) is calculated by (3) considering the correction factors as defined in [6] .
The inequalities of (2) can ensure the safe operation of the electrical installation; however, the efficient operation is not necessarily guaranteed. The efficient operation of a circuit is directly affected by the resistance imposed by the circuit's cable, and thus the cable power (Plosses-c) and energy (Elosses-c) losses, which are inversely affecting the efficiency, can be calculated by (4) according to the operating current (Ib(t)) of the circuit and the equivalent resistance (R) of the circuit.
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The equivalent resistance of the cable can be affected by the selected CSA and by the circuit length (l), as given by,
It is noted that the resistivity (ρ) is directly affected by the wire's material (copper) and thus, it is considered as constant.
For enabling the efficient operation of the electrical installation, an investigation is required for the operating cable losses of each circuit on a lifetime basis (i.e., 30 years), according to: (a) the expected load profile (b) the length of the circuit, (c) the cable size. The load profiles can vary in each case according to the building usage. For this investigation, the circuit's length can vary by defining more than one possible location for the main distribution board (DBM), and more than one location of the heavily loaded final circuits (i.e., airconditioners). For the cable size, oversize options of the minimum CSA that ensures the inequalities of (2) will be examined, for the main cable and for the heavy loaded final circuits. For example, if the DBM requires a cable with CSA of 10 mm² for ensuring the safety requirements, then the cable with CSA of 16 mm² and 25 mm² will also be included in the investigation. It is noted that a larger cable in a circuit requires a higher initial cost, but the equivalent resistance of the circuit will be decreased resulting to the reduction of power losses. On the other hand, the lower impedance of a larger cable increases the maximum short circuit currents of a circuit that may impose the use of a more expensive protection device with a higher breaking capacity. In any case, for all the possible resulting configurations (different length and different cable size), all the critical safety requirements should be ensured.
B. Appliances' efficiency
Another important aspect to enable an efficient operation of a building is to minimize the input power. Thus, the investment on energy efficient appliances will be examined, as it is recommended by the EU directives [17] . It is highlighted here that the lifetime of each appliance may vary, thus it is necessary to re-calculate the initial cost for estimating the investment cost (considering replacement cost as well) for each appliance for 30 years (equal to the lifetime of the electrical installation). In TABLE I, the annual energy consumption (kWh/year) and the cost of initial investment (€) are presented for several appliances.
The information of TABLE I and the cable losses of Section II.A will be considered by the proposed optimization method (Section III) to identify the most appropriate investment that will maximize the efficiency of a building. Thus, the most important aspect to evaluate the technoeconomic impact of each appliance on the overall efficiency of a building are: (a) the energy savings by the corresponding appliance, and (b) the investment cost for a 30 years' lifetime. For the purposes of this case study, three different efficiency types are considered for the following appliances: split unit air-conditioners (A, A+, A++), and lighting technology (Incandescent Light Bulb (ILB), Compact fluorescent lamp (CFL)), and Light Emitting Diode (LED)). For each of these devices, the annual expected consumption is estimated for typical usage of the equipment. This consumption may vary according to each building usage, the meteorological conditions, and several other factors and thus, the design engineer need to reconsider it in each case study. Furthermore, for the case of lighting, 6 hours usage per day and a different lifetime are assumed for each lamp according to TABLE I.
III. PROPOSED SOLUTION

A. Multi-Objective Optimization Algorithms
A typical multi-objective optimization problem (MOOP) presents a set of compromised solutions, usually referred to as the tradeoff surface, or the set of Pareto-optimal or nondominated optimal solutions. These solutions are optimal in the sense that no other solutions in the search space are superior to them when all objectives of the problem are considered. The goal of a MOOP is to find as many Pareto-optimal solutions as possible, and reveal the tradeoffs that exist among the different objectives. A MOOP problem can be formulated as: minimize
Rn → R to be minimized (or maximized). Note that if fi is to be maximized, it is equivalent to minimizing (-fi). In the abovementioned formulation, X is the solution search space, while functions H(x) and G(x) are the constraints in the model. Fig. 2 illustrates a MOOP with dominant and non-dominant (Pareto Front) solutions across a search space X and a vector fitness function F that maps solutions in X to objective vectors made up of two component "costs" f1 and f2 that have to be minimized. The filled points are objective vectors that are non-dominated and comprise the Pareto front. The solutions corresponding to these points are Pareto optimal. The dominance relation between two objective vectors F1=F(x1)=(f1(x1), f2(x1),…, fz(x1)) and F2=F(x2)= (f1(x2), f2(x2),…, fz(x2)) is denoted by operand  . We say that F1 dominates F2 or F1  F2 if for all objective costs fi the inequality fi(x1)<fi(x2) holds, assuming that fi is minimized [15] . With respect to Fig. 2 , the relation between the three objective vectors A, B, and C, is A  B  C.
There are two directions to follow in order to solve a MOOP. The first one is to convert the multi-objective problem to a single objective one and solve it. Such methods being used are the weighted sum, the ε-constraint, Benson and min-max. All of these methods try to find the optimal Pareto front using different approximation techniques. The second strategy is to make use of multi-objective optimization algorithms (meta-heuristics). Meta-heuristics like genetic algorithms or other evolutionary, 978-1-5386-3669-5/18/$31.00 ©2018 IEEE ant colony, mimetic, tabu search, and simulated annealing algorithms are difficult to apply, due to unknown convergence decisions, but can lead to better results.
B. Genetic Algorithm for Cost Effective Installations
This paper uses a classical multi-objective optimization (MOO) strategy based on Genetic Algorithms (GAs) to optimize the cost effectiveness of the electrical design and installation. The objectives are to minimize the capital investment and to minimize the annual operational costs (energy consumption) of the electrical installation.
GAs are heuristic search methods used for finding optimized solutions based on the theory of natural selection and evolutionary biology. These techniques try to emulate a phenomenon observed in nature: survival of the fittest by using evolutionary biology operations, such as natural selection, crossover, and mutation. A solution to the problem is usually represented using a set of genes, and all genes, form an individual chromosome, which represents a possible solution to the problem. The latter mate to each other to create outcrossings, until a good chromosome (solution) of the problem is found. GAs do not guarantee that an optimal solution can be found, since it is a stochastic process. . Another important factor for the optimization is the load utilization profile. The utilization profile allows the designer to investigate within the optimization process the yearly consumption of a load (i.e., for the A/C unit a utilization profile considers peak demand during the summer as shown in Fig. 3 ).
The flow chart of Fig. 4 shows the steps involved during the GA's optimization process:
Initialization: In the initialization phase, a random set of individual chromosomes (also called initial population) is initialized with random values. The size of the initial population is a simulation parameter.
Calculate cost: A unique cost metric is assigned to all chromosomes, to identify their fitness function. The fitness function is the function which takes a candidate solution to the problem as input and produces its cost value as output, which denotes how "fit" or how "good" a solution is with respect to the problem under consideration. At this point, any weak solutions are removed from the population. For this work, the following objective vector is considered for a Chromosome (Ch): F(Ch) = {f 1(Ch) , f2(Ch)}, where: f1(Ch) denotes the capital cost of the initial investment and f2(Ch) denotes the annual running costs due to electricity consumption including any equipment maintenance and CO2 emission taxes.
Crossover: In the crossover phase, individual chromosomes are crossovered (mate) with a specified probability, to produce the next generation of individuals that are added to the total population. The cost of each additional individual chromosome created is calculated again, based on the fitness function, and the worst performing ones are discarded. Usually, an upper bound on the number of individuals is maintained (population limit), and when this is reached, all the rest are not considered for next generation crossovers. In our proposal, a single-point crossover method is used to generate new individuals from two, randomly chosen, existing chromosomes (parents). During the crossover operation, the crossover point c is selected randomly between {1, n}, where n is the number of genes in an individual. The genes {1, c-1} of the first parent and the genes {c, n} of the 978-1-5386-3669-5/18/$31.00 ©2018 IEEE second one are used to create the new individual which is included in the population. After crossover, if the population is of size v, then the first v individuals are maintained based on their fitness, while the rest are discarded.
Mutation: During this step a single, randomly selected, gene of the weakest individual is modified. This is done to avoid loops around a local optimal solution. This is necessary since GAs, as stochastic search, may be trapped around sub-optimal solutions due to the evolution of the best performing individuals.
Convergence:
In most real multi-objective search problems, the location of the actual Pareto-front is, by definition, unknown, and the identification of a "best value" of some criterion does not necessarily mean global convergence. Most of the MultiObjective Evolutionary Algorithms (MOEAs) achieve diversity and equivalent solutions through some diversity preserving mechanism. However, convergence efficiency and speed is not considered. Any explicit diversity preserving method needs prior knowledge of many parameters and the efficiency of such a mechanism depends on a successful fine-tuning of these parameters. In this work Kumar's proposal [18] is used to gain knowledge of the propagation of the solution front through successive generations of the population. This can serve as a cue for convergence and reveal the rate of propagation towards the Pareto-front. The basic concept of Pareto Converge Genetic Algorithm (PCGA) is that the individuals are compared against the total population set according to tied Pareto-ranking and the population is selectively moved towards convergence by discarding the weakest individuals in each evolution.
IV. CASE STUDY
To evaluate the proposed method, the GA scheme is incorporated in Modecsoft ElectricalOM design software [16] and the electrical installation of a typical Cypriot single room flat is used for the case study. The model consists of a DBM that feeds several final circuits as shown in TABLE II, where the cable sizes for each circuit in the model and the schedule types are presented. Three different schedule types are used: an annual use, with a 50% diversify factor, a summer schedule with 0% diversity factor during winter time and a factor that varies during the summer period (with a peak being reached in August), and a winter schedule with 0% diversity factor for the summer period and a factor that varies during the winter.
For the capital cost of the cables, typical market prices have been considered. For the DBM location configuration two possible placement locations are examined: initial location specified by the architect and another based on the barycenter (BC) method as described in [5] that estimates the panel's location for minimizing the cables' energy losses of the circuits fed by the panel without assuming extra costs due to construction requirements, aesthetic considerations, etc. For the cable size configurations, we choose to examine two oversized variables for the DBM cable and one oversize option for the most consumable final circuits. For the equipment configuration we choose the device types as described in Section II. Finally, the configurations examined in this investigation are summarized in TABLE III. It is worth mentioning that the solution space size, with a handful of parameters and relatively small number of variations of each, increases very quickly to a total number of almost 900 design variations for a small building installation. No designer can search this solution space exhaustively, and point-to-point search would last a long time and would easily lock into a local sub-optimum. Using a GA, a set of trade-off solutions can be found within reasonable time. Fig. 5 illustrates the results of the above case study. The graph points represent individual solutions during the passing iterations (epochs), starting from the initial population down to the Pareto-front optimal solutions. The simulation parameters used are presented in TABLE IV.
The pareto-front solutions found at 50 epoch are summarized on TABLE V. For the case study, four solutions (A, B, C and D) have been selected that are equally distributed across the paretofront. Note that the initial design (I-Initial) is part of the paretofront since it contains one non-dominant solution that gives the minimum capital cost and the maximum annual operating cost.
Finally, the pareto-front solutions are compared including the I-Initial setup. The initial design (Solution I) is more economical in terms of capital investment but has high energy losses, leading to high annual electricity bills and CO2 emission taxes. On the other hand, the most energy friendly solution is A having 34% lower operation cost compared to the initial design, but with a 20% higher capital cost. To evaluate which of the four solutions (A, B, C or D) is the most cost effective, an investigation is performed regarding their savings behavior compared to the initial solution (I) for each passing year. Fig. 6 summarizes the annual savings behavior of the pareto-front solutions A, B, C and D for the lifetime (30 years) of the electrical installation. In the savings calculation we included also the CO2 emission taxes per kWh. It is noted that solutions A and B perform worse at the first year leading to losses of €369 and €80 respectively due to high capital cost compared to Solution I. On the other hand, solutions C and D manage to achieve savings even during the first year of operation (€31 and €25 respectively) since the improvement on the energy efficiency is achieved without requiring particularly high capital cost compared to solution I. After the third year, solution B over-performs the rest of the solutions with savings reaching €308 (in the third year). This behavior remains for the total lifetime of the installation (30 years) with total savings reaching €5541 for solution B.
Comparing solutions A and B, solution B seems to be a preferable solution due to lower initial capital cost (€259 less) and due to the comparatively similar behavior in terms of energy efficiency (only €7 extra annual cost compared to solution A).
Until the 15th year of operation the savings of solution B are highly increased to €2633, which results in 39% more savings than the solution C and 111% more than the savings of solution D. From the above comparisons it is clear that the most cost effective solution is B.
V. CONCLUSION AND FUTURE WORK
This work proposes a multi-objective optimization method, based on genetic algorithms, that ensures safety and at the same time maximizes the energy efficiency of the electrical installation and its cost-effectiveness. From the case study it is clear that the proposed method allows the design engineer not only to ensure the safety requirements of an installation but also to propose energy efficient and cost-effective solutions in terms of capital investment and operational cost. Future work will focus on industrial installations, where other parameters, such as the power factor correction and the transformer type will be considered during the optimization process. 
